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1.2
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OVERVIEW g

' BACKGROUND

The former Halby Chemical, New Castle, Delaware (Halby) site was used
for the production of primarily thiocyanate-based or related products for

approximately 50 years. Occasional discharges of wastewaters or other
materials containing carbon disulfide (CS2) over a number of years

rgsulted in deposition of CS53 in site soils. Soils contéining elevated CSp
levels have been identified to exist in a former ditch area between the

. plant and an on-site lagoon. Levels of CS3 in soils in the ditch area range

up to 110,000 mg/kg, with an average concentration of approximately
10,000 mg/kg CSp. The affected soils comprise up to 11,000 cu. yd.,
depending on the delineation concentration. The soils are generally below
the water table and are, therefore, saturated.

TREATABILITY STUDY RATIONALE

From February to June, 1995, EPA conducted preliminary work that
indicated that a combination of air oxidation and hydrogen perox1de .
could be used in an aboveground treatment process to oxidize CS2 in the

soils.

In June 1995, various remedial contractors were interviewed by Langan
Engineering and Environmental Services, Inc. (Langan) to propose means
of full-scale treatment of affected soils. The vast majority of contractors

_proposed excavation, chemical treatment of the soils, with or without

dewatering, containerization, and transport to an off-site landfill. The
remaining contractors proposed biological treatment, vapor-phase
removal of carbon disulfide (with vapor treatment), or vitrification.

Concurrently, Witco Corporation (Witco) commenced a parallel
investigation of feasible treatment methods by researching treatment
methods, reviewing the previous EPA work, contacting CS2.
manufacturers, and obtaining records of decision (RODs) from other CS2-

contammated sites.

Discussions between Langan and two carbon disulfide manufacturers (ICI

and Akzo Nobel) indicated no treatment processes that had been

employed on the quantity of soil and the concentration of carbon disulfide .
found in the Halby soils. Soil slurrymg, with subsequent boil-off of C52

was deemed suited only for smaller quantities of soil. Air stripping (with
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1.3

or without emissions controls) was proposed; however, the saturated
condition of the soils might reduce the effectiveness of this alternative.
Because of the elevated CSp concentrations in the Halby soils, this process

would also likely require CS2 vapor controls that would increase the
complexity of the remedial system. Mineral oil extraction of CSp and
subsequent incineration was proposed; however, this would be costly on a
large scale. Sodium hypochlorite oxidation was believed to have the

potential for undesirable byproduct formation. Hydrogen peroxide -

oxidation at low concentrations (3 to 5 percent) and at pH 10 was
suggested and was deemed a promising means of CS2 removal in

preference to air stripping with off-gas treatment.

Literature reviews were conducted (including, but not limited to,
Chemical Abstracts, American Chemical Society databases, EPA and other
governmental databases) to determine additional sources of information
on C52 oxidation of soils or aqueous streams. Appendix A, which
represents a fraction of the CS) references reviewed, presents those
references deemed applicable to treatability of the Halby CS soils. In
general, the review found little information pertinent to soil treatment for
CS2. The most promising reference found was that of Adewuyi, U.G. and
G.R. Carmichael, 1987, “Kinetics of Hydroly51s and Oxidation of Carbon
Disulfide by Hydrogen Peroxide in Alkaline Medium and Application to
Carbonyl Sulfide,” (Envir. Sci. & Tech. 21: 170-177). This article described
the stoichiometry and reaction mechanism for the oxidation, indicating
that the presence of the hydroxyl radical and hydrogen peroxide is key,
and provided valuable background information that formed a partial basis
for the treatability work performed in the bench-scale studies.

Site investigation work by both EPA (July 1995) and Witco (December
1995) indicated that the CS2-containing soils were both combustible and
potentially explosive when exposed to air. Moreover, CS2 and sulfide
odors were observed upon excavation of the soils. As a consequence, it
was decided that in situ treatment would be more effective to mitigate
these difficulties and that chemical oxidation was the most desirable
option for in-situ treatment.

TREATABILITY STUDY GOALS

The purpose of the bench-scale treatability studies conducted on CS2

oxidation in soils was to investigate and develop an effective, in-situ
treatment for the oxidation of CS2 present in soils at the Halby Chemical

site. Specifically, the aim of the studies was to gather information on the
following treatment process factors:

¢ relative oxidation reagent performance,
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s appropriate reagent dosage, pH, reaction time, and reaction
temperature,

¢ efficiency of CS2 removal under the various reaction conditions, .

. * off-gas constituents,

e effects on other constituents in the soil, and

. experimentai observations that pertain to full-scale implementation of
the technology evaluated.

RAW SOIL DESIGN BASIS

Two soil types were used for the bench-scale treatability studies
summarized in this report: a non-Halby soil believed to contain no CSp,
which was used for initial spiked-sample experiments (see Section 2), and
the Halby soil containing CS2 that was used for the bulk of the

experimental work.

The non-Halby soil used for spiked sample evaluations was a silt-sand

mixture obtained from the Rio Grande river bed in Albuquerque, New

Mexico. This soil source was used because of its proximity to the

ireatability laboratory. A qualitative evaluation of the non-Halby soils

was made by mixing an aliquot of the soils with 50°/o_hydfogen peroxide. .
The purpose of this test was to determine whether peroxide-reactive

materials were present in the soils. No apparent reaction was observed,
indicating that the non-Halby soils did not have any readily oxidizable

material that would interfere with the experiments.

The Halby soils were obtained from the area of the former on-site
drainage ditch at depths known to contain elevated levels of CS2. Two 5-
gallon soil samples were obtained from the site on 2 and 3 April 1996
according to the plan submitted to the EPA by Langan on 25 March 1996.
Samples were collected for analysis at the site to determine the initial
concentration of CS2 present. The two soil samples were then
immediately shipped under chain-of-custody to the ECD laboratory in
Albuquerque, NM, where they were stored under refrigeration until
needed. Three analyses were performed on the two samples obtained
from the site, with the following CS2 levels: 54,000; 31,000; and 17,000

mg/kg, respectively (averaging 34,000 mg/kg).

After receipt at the laboratory, one of the five-gallon samples was

homogenized and further subdivided into five one-gallon samples and

each one-gallon subsample analyzed. ‘The analysis results for those .
samples were: 27,000; 53,000; 17,000; 54,000; and 22,000 ppm respectively.

Because of the variability in concentration, an average of 34,000 mg/kg

THE ERM GROUP 3 - WITCO-310.24.04-7/2/96
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(the average of both sets of results) was used to represent the baseline CS?

§

LR

concentration used to calculate reagent additions for treatability study

: design.
‘THE ERM GROU?P
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2.0

2.1

TREATABILITY TEST PROCEDURES

TREATABILITY TEST OVERVIEW

The oxidation of CS7 in alkaline solution studied by Adewuyi and
Carmichael (1987) follows the equation

CS2 + 8H202 + OH~ ~> HCO3- + 2HSO¢~ + 2H* + 6H20

The oxidation process produces bisulfate ions, which are acidic, and act to
retard further reaction of CS2 with the peroxide as the pH decreases. In
order to counteract the decrease in pH, reactions must be carried out
under alkaline conditions. The purpose of the testing was to determine

the factors that drove this reaction to completion in the Halby soils.

Four sets of bench-scale experiments have been completed, as follows:

- »  studies using spiked non-Halby soils,

e  small-scale studies using Halby soils,
* large-scale studies using Halby soils, and ' .

» focused studies using Halby soils for quantification of process
parameters.

The first study (conducted in early to mid-April 1996) was designed to
determine overall oxidation characteristics for various oxidants on the
non-Halby soil spiked with CS2. The second study (conducted in mid- to
late April 1996) determined whether the reaction between oxidants and
CS2 occurred in Halby soils and the extent to which it occurred with
different oxidants. The third study (May 1996) provided verification of
the results of the initial studies, with an evaluation of the significance of
pH levels, moisture content, and time of the reaction. The fourth study
(late June 1996) was designed to answer questions related to off-gas
composition, hydrogen peroxide-caustic oxidation dynamics, and the fate
of non-CS2 organics. The results of these experiments are reported in

Section 3.

THE ERM GROUP 5 WITCO-31024.04-7/2/96
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REAGENTS AND EQUIPMENT

Treatability Reagents

Chemical additives were used for two purposes in the experimental
program: as oxidizing agents, and as pH adjustment/maintenance

compounds.

Three oxidizing chemicals containing hydrogen peroxide were employed.
in the testing:. hydrogen peroxide in aqueous solution, sodium

_percarbonate (Na2CO3 - 1.5H202), and sodium perborate (NaBO2 - H2O2

+ 3H20). Sodium persulfate (Na25208) does not contain hydrogen
peroxide, but is a powerful oxidant and so was selected for comparative
trials. Other peroxide carriers and oxidizers were considered (sodium
peroxide, ozone, oxygen) but they were not evaluated in the studies, since
they offered few advantages or several disadvantages relative to the four
oxidants considered herein.

Hydrogen peroxide (50%), sodium percarbonate, sodium perborate, and
sodium persulfate were obtained from Aldrich Chemical Company under
product numbers 42,065-4; 37,143-2; 24,412-0; and 21,623-2, respectively.
Sodium carbonate and sodium bicarbonate (both buffering compounds)
were obtained from the same supplier as product numbers 22,353-0 and
23,652-7, respectively. Sodium hydroxide was also used for pH control in
certain trials using hydrogen peroxide.

The buffer solution prepared from the sodium carbonate and sodium

'bicarbonate consisted of one gram of sodium carbonate and one gram of

sodium bicarbonate per 20 milliliters of water.

_ Treatability Test Equipment

Spiked sample and small-scale testing (as defined in Section 2.4.1) was

" conducted in 500- and 1,000-ml pyrex round-bottom flasks (either one-

necked or three-necked, with 24/40 ground glass joints). Large-scale tests,
including supplemental tests, (as defined in Section 2.4.1) were carried out
in two-liter reaction kettles with temperature control jacketing. The kettles
consist of a base and a top that is clamped and sealed with a teflon o-ring.
The top is a three-neck 24/40-joint type. Figure 1 shows a typical reaction
vessel set-up for the small- and large-scale experiments.

The gas capture experiment employed a three-neck, 1,000-ml round-
bottom flask, with 24/40 joints. Off-gas was captured in 500-ml gas
capture bulbs with stopcocks at each end of the bulb. The off-gas exiting

_the bulb was directed into a water bath to ensure positive displacement of

' THE ERM GROUP . : ) 6 WITCO-310.24.04-7/2/96
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2.3.1

gas in the bulb as the reaction proceeded. Figure 2 shows the reaction
vessel and off-gas collection equipment for this experiment.

Samples were stirred within the flasks and kettles using a stainless steel
folding vane mixer for small samples and the gas collection sample, and a
prop mixer for large samples. A teflon vacuum adapter was used for the
stirring mechanism to provide a gas tight seal. '

Materials of construction for the materials employed in the testing were
PyTex, stainless steel, and teflon.

Temperature and pH measurements were made with both an electronic
pH meter/temperature probe and a glass thermometer.

SAMPLING AND ANALYTICAL SCOPE

The samples were stored under refrigeration (at 0°C) prior to use. Excess

sample (i.e., that not used in the experiments) will be returned to the site

for treatment during the field implementation phase of the program. An
inventory of sample use was kept to account for all sample used in the
experiments. Treated samples aliquots not held for analysis and excess

soils were stored in sealed steel containers at room temperature. .

Initial small-scale samples, as described further in this document, were
analyzed during the treatability studies using screening methods for
short-turnaround analysis. . Large-scale samples were analyzed using

+ standard procedures, including (as appropriate) EPA CLP methods and

quality assurance/quality control procedures to ensure that the data
gathered in the study were reliable.

The measurement of pH was carried out for screening purposes during
the treatability studies using a Hanna Instrument pH meter/temperature
probe calibrated at pH 4. 7, and 10 using Fisher standard solutions.
Additional laboratory pH measurements were conducted on large-scale
samples.

Raw Soil Sample Analysis

Raw soil samples were taken at the time of collection of soils for the
treatability effort from the site. After receipt at the treatability laboratory,

additional confirmatory samples were taken. Both sets of samples were
analyzed for CS2 according to CLP SOW OLMO03.0 with revisions. .

Laboratory data packages for these analyses are presented in Appendix B.

THE ERM GROUP 7 WITCO-310.24.04-7/2/9%
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2.3.2 Spiked Soil .Sample Analysis

Spiked soil samples were analyzed for CS2 and pH. The CS2 analysis was
conducted using a high-performance liquid chromatography (HPLC)

* procedure, as presented in Appendix C. A calibration curve was prepared
for the instrument from 5,000 mg/kg to 625 mg/kg CSp, which is also
provided in Appendix C. Several experiments were made to check the
extraction and quantitation procedure (mini method validation). In
addition, lower-concentration samples at levels as low as 60 mg/kg were
run {o check the linear accuracy of the standard curve, which was found to
be acceptable for screening purposes. After calibration of the HPLC, four
samples (100 grams each) were spiked with CS2 from 1% to 2% by weight
(10,000 to 20,000 mg/kg) and allowed to equilibrate for 24 hours in the soil
at room temperature by the procedure described in Section 2.4.2. They
were then extracted with methanol for at least 24 hours and analyzed via
the HPLC. Spike recoveries of 70 to 85% were obtained. These results
indicated that the HPLC method was acceptable for screening use.
Continuing calibration samples run with the matrix spikes indicated that
the HPLC maintained its standard response to CS2.

233 " Small-Scale Sample Analysis

Smaﬂ-sgaie samples (as defined in Section 2‘.4‘1) were analyzed for the
same parameters using the same methods as those for the spiked samples.

234 . Large-Scale Sample Analysis

Large-scale samples (as defined in Section 2.4.1) were analyzed by
Envirotech Research and its subcontractor, Galbraith Laboratories, using
EPA-approved and other standard procedures, with CLP deliverables for
target compound list and target analyte list analyses. All or some of the
following analytes, depending on the sample nature, were analyzed: CSp |
(CLP SOW OLMO03.0 with revisions), chemical oxygen demand (COD)
(sample leaching using ASTM D3987-85, followed by analysis by EPA
Method 410.4), pH (SW-846 Method 9045), elemental sulfur (ASTM
D4239), total and leachable metals (arsenic, manganese, beryllium, and

. copper) (SW-846 Method 6010 and SW-846 Method 1311 (TCLP}), and
thiocyanate (sample leaching using ASTM D3987-85, followed by analysis
by ASTM D4193-89). Volatile compounds plus tentatively identified
compounds (TICs) (SW-846 Methods 8260) were analyzed in one sample
submitted separately to Hall Environmental Laboratory (Hall
Environmental) in Albuquerque, New Mexico. All samples were shipped
under chain of custody on ice in a sealed container to maintain sample
integrity. Available supplemental analytical information for these
samples is provided in Append1x B to this report.

THE ERM GROUP 8 . WITCO-310.24.04-7/2/96
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2.3.5 Supplemental Large-Scale Sample Analysis | ' "" =

Analytical work for the trials performed under the supplemental phase of
the treatability studies consisted of CS2, COD, thiocyanate, elemental
sulfur, and pH, performed according to the methods used for the large-
scale sample analysis. Volatile and semivolatile analyses conducted on

one sample for byproducis determination were conducted by Envirotech
Laboratories using CLP (SOW 3/90) procedures. Available supplemental
analytical information for these samples is provided in Appendix B to this
report.

2.3.6 Off-Gas Testing

Off-gas was collected from one sample in the supplemental large-scale
round of testing to determine the presence of selected constituents. The
analysis of the sample was performed by Hall Environmental. Carbon
disulfide and carbonyl sulfide, as well as other volatile organics, were
analyzed using SW-846 Method 8260. Results from this analysis are

pending.

24 EXPERIMENTAL CONDITIONS

2.4.1 Overview .

The experiments performed on both spiked non-Halby and Halby soils

- used the same reagents and generally similar reaction conditions and
requirements. The sample to be treated must contain adequate water to
allow mixing of the reagents and yet retain soil consistency. The
maximum quantity of water required to be added as buffer or by dilution
of 50% hydrogen peroxide was determined through observations made
during the course of the experiments.

The site soils employed in the treatability testing were maintained in such
a manner as to preserve their original characteristics. This included
maintaining sealed containers, with limited pre-experiment
homogenization so as to obtain representative results. Reactions were
carried out in a buffered or alkaline-pH medium (in this case very moist
soil, with added buffering solution when needed). The buffer or caustic
concentration supplied adequate basicity to maintain the reaction rate. In
cases where sodium percarbonate or sodium perborate (inherently
buffering compounds) were used as the oxidant source, buffer volume
was decreased in order to conserve chemicals and not cause an excessively
high pH condition in site soils. |
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Using the average concentration of CS2 values in the one-gallon
subsamples of untreated soil, a theoretical oxidant requirement was
calculated. The stoichiometric requirement of oxidant as a percentage of
the soil sample to be treated was derived from the above equation as the
concentration of C52 in percent times 3.578'. This value was then adjusted.
for the presence of a carrier such as water (e.g., 50% hydrogen peroxide
solution is 50% water) or other inert material.

Spiked soil studies were conducted on 50- to 100-gram soil samples.
Small-scale studies on Halby soils were conducted on 100-gram soil
samples; large-scale and supplemental studies were coriducted on 500-
gram samples, except for the gas generation study sample which was a
200-gram sample.

Reaction conditions were allowed to vafy, depending on the objective of

the experiments. For those experiments designed to determine conversion
of CS2, the reaction was carried out at atmospheric pressure and room
temperature (25°C). For those experiments designed to evaluate the heat
of reaction, the experiments were started at temperatures as low as 0°C
and allowed to reach an equilibrium temperature {no more than 80°C).

Spiked soil and small-scale studies were carried out using a reagent
addition/oxidation time of 30 minutes. Reactions were stopped at 30
minutes by adding dilute hydrochloric acid, and analyses were performed
within 15 minutes after reaction termination. Large-scale studies were
conducted using a reagent addition/oxidation time of 8 hours to avoid
excessive sample overheating.

Spiked Soil Testing

~ Initial screening of the reaction between the oxidants and CS2 was done

on the non-Halby soils spiked with CS2. Fifty-to-100-gram samples of
non-Halby soil were containerized and spiked with C52 at a target

" concentration of 1,000 mg/kg. The soils were sealed, parafilmed, and

allowed to equilibrate for 24 hours at approximately 21°C, with little or no
headspace.

L The calculation is expressed as we\ight of oxidant required equals the molecular
. weight of hydrogen peroxide times eight divided by the molecular weight of carbon
disuifide.

z Aithough this temperature is above the boiling point for C52 (46°C) and well above
the flash point (-30°C), it is still below the autoignition temperature (100°C). There
were no signs that the reaction mix had combusted spontaneously.

e " ARLO1250
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Expenments were then run on these soﬂs using caustic for pH adjustment « ¥,
and 50% hydrogen peroxide as the oxidant (see Table 1). For the first

series of tests, the caustic (1 equivalent of sodium hydroxide) and peroxide

(8 molar equivalents) were added to the soil simultaneously (these were

. the stoichiometric quantities necessary for theoretical 100% reaction of the

C32). In a second experiment, 24 molar equivalents of peroxide (three
times theoretical) and the same quantity of caustic (1 equivalent) were
used. A control experiment using only caustic (no oxidant) was run
concurrently with those where peroxide was added, and an overall control
with no oxidant addition or pH adjustment was also run.

Additional spiked soil experiments were carried out with the solid
oxidants (percarbonate and perborate) at 8:1 molar ratios of oxidant to the

. spiked non-Halby soils. The experiments used the bicarbonate/carbonate

buffer instead of caustic to neutralize the acid generated by the oxidation
reacton.

Small-Scale Soil Testz‘ngv

The purpose of the small-scale experiments was to examine the extent of
the oxidant reaction with the C52 and to evaluate heat released. Initial
experiments to measure reaction temperature rise were conducted at room
temperature using the solid oxidants. Following these experiments, two
additional experiments were conducted under controlled temperature .
conditions to see whether there was a significant impact of volatilization
of the CS2 when the reaction temperature was observed to reach the 60-
80°C level. The addition rates are shown in Table 2. Necessary oxidant
doses, preferential oxidation of CS2 versus other organics, and required
reaction time were examined. Vapor generation was evaluated
qualitatively. Further, two experiments (H-4 and H-5) were carried out to
determine whether there was a relationship between the quantity of
oxidant added and the residual CS2, These tests were carried out ata
level of 10% of the theoretical dose of oxidant, with the results compared
to those at stoichiometric dosages of oxidant.

The batch experiments were carried out on small-scale (100-gram) samples
of Halby site soils using the oxidants hydrogen peroxide, sodium
percarbonate, sodium perborate, and sodium persulfate. The approximate
average CS2 concentration of untreated soils (34,000 mg/kg) was used to
calculate the addition of oxidant to soil in experiments in this series. The
theoretical quantities of reactants (expressed as the complete oxidant
formula) are summarized in Table 3 (assuming that the average
concentration of CS2 in the Halby soils is 34,000 mg/kg and an &1 ratioof .
oxidant to CS2 is theoretically correct). - ' .
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Twenty milliliters of the bicarbonate/carbonate buffer were added to the *
100 gram soil samples treated with percarbonate and perborate, In the
case of peroxide, 10 ml of 0.1 N sodium hydroxide was added. The
reactions were carried out in 200 ml sample jars with hand agitation. The
temperature of the reaction mix was measured with a glass thermometer
inserted into the reaction mix.

-Large-Scale Soil Tesfing _

Large-scale studies were carried out to provide adequate sample size to
allow analysis by a certified laboratory using EPA-approved procedures.
The purpose of these analyses was to verify the screening-procedure
results obtained earlier in the experimental program. A secondary

‘objective of the experiments was to evaluate reaction effectiveness
~(conversion of CS52 by the various oxidants) so that field treatment could

be fine-tuned to the existing concentrations. One additional test run was

- made to clarify the potential for byproduct formation during the oxidation

process.

The format of the experiments was as follows: 500 grams of Halby site soil
were placed in a 2-liter resin kettle. An aliquot of the same soil was
sampled at the tfime the resin kettle was charged in order to establish an
initial (untreated) concentration of CS2. Experiments were carried out
with each of the oxidants successfully screened so far: sodium
percarbonate, sodium perborate, and hydrogen peroxide. {(Sodium

persulfate was not found to be a successful oxidant.) The percarbonate

and perborate were added directly as solids to the Halby soils. The
hydrogen peroxide was added as a 25% solution to minimize local
overheating of the reaction mix. One hundred ml of buffer solution
composed of 50 mi each of 0.1 N sodium carbonate and sodium
bicarbonate were added to the reaction mix prior to the addition of
percarbonate or perborate. One hundred ml of carbonate/bicarbonate
buffer were used for the hydrogen peroxide trial: fifty ml of carbonate (0.1
N) were added to the Halby soils prior to the addition of hydrogen
peroxide, and fifty ml of bicarbonate buffer solution (0.1 N) were
subsequently added to make a 25% peroxide solution (from 50% stock).
The individual experiments with the oxidants were carried out at the
molar ratios provided in Table 4 of oxidant to CS2 (assuming an initial
CS2 concentration of 34,000 ppm).

Note that the stoichiometric ratio of oxidant to CS2 which is needed to
oxidize all CS is 8 moles of oxidant (as equivalent hydrogen peroxide) to
each mole of CS2. The experiment using an 8:1 molar ratio of hydrogen
peroxide was not considered practical as a soil treatment method for soil
quantities with this high of an average CS? content. This is because of the
significant heat generation of the reaction. Eight-hour addition times were
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used to moderate temperature rise; however, the temperature rise was still
significant. Subsequent experiments (Section 2.4.5) further investigated
ways to mitigate the temperature rise of the reaction. A lower molar ratio .

(4:1) was used rather than additional dilution, which would cause the
reaction mix to become a thin slurry.

The tabulated molar ratios indicated above were based on initial CS»
concentrations of 34,000 mg/kg. In practice, laboratory analysis of each
sample tested indicated significantly lower initial levels of CSp. The

results presented on Figure 3 reflect the actual molar ratios of oxidants
added to the levels of C52 based on CLP method analysis.

The reaction mass was continuously cooled and agitated throughout the
addition of oxidant. Cooling was achieved through the use of an external
ice bath. The temperature of the kettle could be lowered by submerging
the bottom of the kettle to remove the heat generated by the reaction. The
reaction mass was kept below 25°C throughout the experiments to
minimize the loss of CS2 through volatilization. Temperature was
monitored continuously by hand. Agitation of the reaction mix was
carried out by manually stirring the reaction mix.

Reaction conditions were similar to those for the small-scale trials, except

that the oxidant was added over an 8-hour period to avoid a high heat

generation rate. Although previous small-scale studies indicated that no .
external buffer solution was required for the percarbonate solid oxidant,

aqueous buffer solutions were employed in these large-scale trials to aid

in heat dissipation and to maintain consistent reaction conditions among

oxidanis. Because of potential safety and cost concerns with caustic use

for pH adjustment in the hydrogen peroxide trials, the 0.1 N 7

carbonate /bicarbonate buffer used with solid oxidants was employed.

In a special experiment, 200 grams of Halby soil were treated at an 8:1

molar ratio with hydrogen peroxide and the soil submitted for volatile
organic analysis, as described above. An untreated soil sample was also
sent for analysis at the same time this experiment was started. The
purpose of analyzing these samples was to evaluate the presence of non-
priority list (non-target) chemicals in the samples (such as carbonyl
sulfide).

Supplemental Large-Scale Testing

To verify selected results of previous &eatability work, additional focused
tests were conducted as follows, for the reasons given:

* hydrogen peroxide/caustic trial at a target oxidant to CS2 ratio of 2:1, .
an oxidant addition time of approximately five hours and a total
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reaction time of 24 hours, with a reaction temperature of less than
45°C. A slow rate of oxidant addition was used in lieu of sample
cooling to depress the overall reaction temperature. The caustic was
added at a 1:1 ratio relative to the CS».

This trial sought to evaluate the improved oxidation performance
afforded by caustic instead of buffer addition and to complete the
lower end of the dosage-percent removal curve for hydrogen
peroxide. |

e hydrogen peroxide/caustic trial at a target oxidant to CSp ratio of 4:1,
an oxidant addition of approximately five hours and a total reaction
time of 24 hours, with a reaction temperature of less than 45°C. A
slow rate of oxidant addition instead of sample cooling was used to

- depress the overall reaction temperature. The caustic was added at a
1:1 ratio relatlve to the CSa.

This trial was designed to evaluate the improved oxidation
performance afforded by caustic instead of buffer addition and to
complete the intermediate portion of the dosage-percent removal
curve for hydrogen peroxide.

e sequential caustic addition over a 72-hour period followed by
hydrogen peroxide addition over a 5-hour period within an overall
reaction time of 24 hours. Caustic was added at a 1:1 ratio to relative
to the CS2. The hydrogen peroxide was added at a 4: 1 molar ratio of
oxidant to CS2. An initial reaction temperature of 8°C was provided.
No ice bath was used for this experiment; only air cooling was used.
The final reaction temperature was between 45 and 50°C.

This trial was performed to determine the effect that the sequential
addition of reagents has on reducing the significant heat generation
achieved from the concurrent reaction of caustic and. hydrogen
peroxide.

e hydrogen perox1de/ caustic trial at an oxidant to CSz ratio of 4:1. The

caustic was added at a 1:1 ratio relative to the CS2. Temperature was
controlled by slow addition of the oxidant to the soil. The oxidant
addition/reaction period was approximately three hours, over which
two 500-ml bulbs of off-gas were collected. The bulbs were vented
(after the sample collection point) through a water bath to ensure
positive displacement of the off-gas and, hence, a representative
sample of the reactor off-gas. R

The purpose of this test was to generate off-gas from the reactlon in
sufficient quantity to enable analysis for reaction byproducts.

In the 2:1 and 4:1 peroxide/caustic trial, as well as the 4:1 gas generation
experiment, 2.2 g or 4.4 g, respectively, of caustic were dissolved in 10 ml
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of water and mixed with the peroxide prior to adding the mixture to the
soil. ‘
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3.0 TREATABILITY TEST RESULTS froc} -
3.1 PHYSICAL REACTION AND TREATED SOIL CHARACTERISTICS
3.1.1 " Reacted Soil Consistency

The reaction between the oxidants and either CS3 or other oxidizable
materials in the soil was apparent upon observation of the reaction mass.
The reaction produced effervescence within the soil as the oxidant was
added. The solid reagents reacted readily with contaminants; however,
mixing of the solids was not uniform, and the reaction mass was not
homogeneous in temperature. Since the solid oxidant powders were
added at the top of the soil mass, it was hotter (as much as 10°C higher)
there than at the bottom of the mass. The reaction mass resembled
"mousse” in consistency after addition of the solid reagents. Hydrogen
peroxide addition resulted in a more fluid consistency to the soil than that
observed for the solid oxidants.

3.1.2 Reaction Te‘mperature

Figures 3 and 4 indicate the temperature increase observed in the small-
scale samples with solid oxidant (perborate and percarbonate) addition
over time. The graphs indicate that the equilibrium temperature of the
mixtures was in the 60-80°C range. This temperature is the result of heat
generation in the reaction mix and cooling of the uninsulated reaction
vessel by the air in the laboratory. It appears that, in this equilibrium
temperature range, the heat generation is equal to the heat loss from the
uninsulated sides of the reaction vessel. As indicated by the temperature
increase measured in the first few minutes of the reaction, the heat release
is about 20 kcal/g-mole of solid oxidant. As the reaction proceeded, the
increment of temperature increase per quantlty of oxidant added
decreased substantially.

~ In subsequent small-scale studies in which cooling of the reaction mix was
conducted, the initial temperature for the percarbonate addition was 0°C.
After percarbonate addition, the temperature increased to 34°C, where it
was maintained until all of the reagent was added. At these lower.
temperatures, the percarbonate appeared to react readily, although the
reaction was much less vigorous, with lesser heat generation than from
peroxide and a lower equilibrium temperature in the reaction mass. The
perborate reaction was much slower, and the reaction temperature did not

" increase to above 5°C over the 30-minute oxidant addition period. It was -
‘not until the sample was allowed to warm to room temperature
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(approximately 17°C) after the 30-minute oxidant addition period, that the

. sample with sodium perborate started to react.

CONSTITUENT REMOVAL EFFICIENCIES
Carbon Disulfide Removal

Results of the evaluation of different oxidants on CS2-spiked soils are
summarized in Table 1. As may be seen from the initial results, all of the
tested oxidants except sodium persulfate were able to achieve substantial
CS2 removal. Sodium persulfate was tested under small-scale sample
conditions at an 8:1 molar ratio of oxidant to CSz, however no reaction or
reduction of CS2 was observed.

Caustic alone was able to achieve removal of CS2 equivalent to those with
peroxide oxidants. However, as noted below, the reaction end products
are bisulfide and sulifide, which are undesirable. Spiked soils treated with

caustic anid peroxide yielded nondetectable residual CS2 levels
(extrapolated below the lowest HPLC standard calibration point of 625
mg/kg).

The results of the small-scale experiments using solid oxidants
(percarbonate and perborate) are provided in Table 2. Carbon disulfide
reductions observed in small-scale samples treated with 1/10 of the
stoichiometric dosage of peroxide and percarbonate were approximately
an order of magnitude lower than those achieved at stoichiometric oxidant
addition levels. This supports the proportional relationship between
oxidant level and residual CSp_

'Large-scale results for CS oxidation are presented in Table 5and

summarized in Figure 5. The actual untreated CS7 concentrations were
used in calculating the percent reductions in CS2 presented on Table 5 and
Figure 5, rather than the previously assumed level of 34,000 ppm CS3.

The calculations adjusting for the actual CS2 concentrations in the soils
being tested are provided in Table 6.

The data from the large-scale trials (including supplemental trials) shown
in Figure 5 indicate that 90+ % conversion (equal to residual C52
concentrations in the range of 400 mg/kg, based on raw soil levels) can be
reached by percarbonate or perborate oxidation at a molar ratio of oxidant
to CS2 of 8:1 to 11:1. This is at or near the projected stoichiometric ratio of
8 moles of oxidant to one mole of CS2 . Levels of 200 mg/kg or lower can
be obtained at molar ratios of 15 to 17:1. The large-scale trials using
hydrogen peroxide as the oxidant, but with buffer instead of caustic, were
niot as successful as those for other oxidants tested, likely because of the

o
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low resultant ox1dat10n pH A subsequent test (H-25) was performed ol
using hydrogen peroxide, with caustic at a 1:1 molar equivalent of CS2 to =
caustic. This test achieved a CSp reduction equivalent to that obtained in
other higher-oxidant-dose oxidation trials, yet at a pH below the
- literature-based threshold value of 8.5.

-

Chemical Oxygen Demand Removal

Chemical oxygen demand (COD) was run on all lerge-scale samples

(Table 5) to assess the degree to which organics other than CS2 were being

degraded during the oxidation. In general, modest to no change in COD
occurred. However, in certain samples (tests H-6, H-12, H-16, and H-18),
the COD after treatment increased by approximately 16,000 mg/kg. This
would indicate that COD-refractory compounds in the soil were being
oxidized to COD-amenable compounds.

For the hydrogen peroxide trials (tests H-19 and H-23), the low pH may
have caused preferential oxidation of organics other than CS2, The two
remaining elevated COD samples were run using much less than
stoichiometric quantities of oxidant. This should not have resulted in an

* increased degree of organics oxidation to COD-amenable materials, unless

a threshold quantity of oxidant is required for CS2 oxidation, below which
other COD will be oxidized preferentially. It is noted that all the trials run
at stoichiometric or higher oxidant ratios exhibited nominal change in
COD, and only one trial below stoichiometric levels of oxidant addition
showed a nominal change in COD.

Rémoval of Other Constituents

Thiocyanate analyses were conducted on tests H-22 through H-25 and H-
25A from the supplemental large-scale testing. Results are presented in
Table 7. The results for tests H-22 through H-25 indicated that between 8
and 24 percent of thiocyanate was removed in oxidation with hydrogen
peroxide in the presence of caustic. Raw soil levels of thiocyanate were
13,700 and 8,010 mg/kg, with treated soil levels of 10,400 and 7,360
mg/kg, respectively. The thiocyanate removal observed in the sequential
addition of caustic and hydrogen peroxide (H-25A) is significantly higher.
Whether this result is related to the changed reagent addition regime in
this test cannot be concluded based on one sample; future work will
attempt to clarify this issue.

Results of elemental sulfur analyses are provided in Table 7. The

- increased levels of this element in treated versus untreated soils indicate

that the complete conversion (to sulfate) is being halted at an intermediate
step, in which elemental sulfur is being generated. Of four pairs of
samples analyzed, the two pairs exhibiting 75 percent or lower C52
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removal showed increasing elemental sulfur levels in the treated samples.
The two sample pairs displaying greater than 85 percent CS2 removal
showed decreasing elemental sulfur levels in the treated samples. While
theoretically an acidic pH results in increased conversion to elemental
sulfur, whereas an alkaline pH causes conversion to sulfate, the sample set
analyzed was not sufficiently large to conclusively show this trend.

REACTION BYPRODUCTS

Although initial results using caustic alone indicated comparable removal
efficiencies for CS2 relative to other oxidants, there are byproduct issues
associated with this reaction that should be noted. The reaction of caustic
(without other oxidants) with CS2 in the soil would not reach completion
(conversion of the CS2 to sulfate) and would be very slow in the absence
of a pH of at least 10.5. As a result, caustic addition alone would leave the
soil with large bisulfide and sulfide concentrations, or a high pH, neither
of which is appropriate for full-scale remediation.

- One concern associated with pH adjustment of the soils was that presently

nonleachable metals might become leachable. To address this issue, total
and leachable arsenic, beryllium, copper, and manganese were analyzed.
The results are presented in Table 8. Note that the TCLP results are
preliminaty, representing filtered samples that have not yet undergone
final digestion. Final results will be forthcoming shortly. These results
indicate that the metals are not of concern from a leachability standpoint.

" The effect of treatment is evident on the solubility of arsenic, with

solubility decreasing significantly after treatment. Beryllium was not
detected in the leachates. Copper and manganese solubility appeared to

. increase following treatment. The copper levels observed may be a

function of pH, which (for the treated samples) was not in the range of
minimum solubility for this metal. Manganese data generally reflected the
tendency of lower solubility with increasing pH.

Two tests have been run to assess the presence of volatile or semivolatile
analytes or tentatively identified compounds (TICs) other than CS2 that
would represent byproducts in the treated samples. In the first trial,
performed as part of the large-scale testing, no other compounds were
detectable because of the elevated CS2 levels in the sample. The second
test was on a supplemental large-scale test H-25. Volatiles results from
this sample indicated no other standard analytes, and only two TICs were
observed: a CgH180 alcohol apparently unrelated to the C52 oxidation
and an unknown. Semivolatile results are presently being generated.

Gaseous reaction byproducts can also be generated by the reaction zone
conditions, particularly when elevated reaction temperatures are allowed
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to persist. .In the uncooled small-scale reactions, some volatiles appeared ‘

. to be emitted from the reaction mixture, particularly in the first five

minutes of the reaction. These were believed to include CS? and
ammonia. Experiments to quantify and identify the nature of volatile
emissions were recently conducted; however, results of emissions testing
are not yet complete. In small-scale trials in which the reaction mix was
cooled and maintained at or below approximately 35°C, there were few or
no apparent CS vapors observed to be emitted from the reaction.

OTHER CONSIDERATIONS FOR FULL-SCALE TREATMENT

®

The spiked soil sample treated with the 24:1 molar ratio of peroxide to CS2
reacted violently and with generation of significant heat. The small-scale
experiment employing 50% hydrogen peroxide at an 8:1 molar ratio of
peroxide to CS2 was also characterized by an excessively vigorous
exothermic reaction, such that no data could be taken on the sample.

These results suggest that lower ratios of peroxide added in a gradual
manner are needed for practical full-scale application to contaminated
soils. In addition to modifications to the rate of oxidant addition to reduce
temperature, soil cooling via air, water, or other means may need to be
considered to ensure appropriate soil temperatures are maintained.

In the small-scale comparison of hydrogen peroxide and percarbonate
oxidation without buffering for pH control, it was found that both
reactions proceeded in the absence of buffer addition, although the
hydrogen peroxide reaction was less efficient than the percarbonate -
oxidation under these conditions. Consequently, it appears that a stronger
base than the buffer (e.g. caustic) is needed to maintain hydrogen peroxide
reaction efficiency.
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. relationships identified in Figure 5, the quantity of the desired oxidant can
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CONCLUSIONS AND RECOMMENDATIONS

' OXIDANTS AND REACTION CONDITIONS

The results obtained in the treatability studies indicate that hydrogen
peroxide, perborate, and percarbonate were effective in oxidizing CSp in
the Halby soils; persulfate was unreactive and showed no oxidizing
ability. The conversion of CS3 is dependent on the quantity of oxidant
used, expressed as the molar ratio of oxidant to CS2, and varies based on
the oxidant used. This relationship is shown in Figure 5. Using the

be estimated to achieve a target residual concentration of CS3.

The reaction Vanable having the most apparent unpact on oxidation
efficiency (other than oxidant dosage) is pH, which should be kept at 8.5
or higher for best results.

When oxidant and buffer (or caustic) were added simultaneously to large-
scale samples, eight-hour oxidant addition/reaction times were required
for 500-g samples of soil (versus 0.5-hour times for 50-100-g samples) to
avoid significant heat generation. This indicates that heat generation rates .
increase faster than the increase in sample volume, a factor that will need
to be considered in full-scale process logistics and economics. Process
logistics will need to consider the width and depth of soil that can be
treated at one time without generating such heat-that significant off-gasing
of CS2 and other constituents occurs. Process economics will need to
reflect the increased time for remediation required to avoid undue heat
generation. A promising means of mitigating the heat generation of the
reaction may be indicated by the results of the sequential caustic
soak/hydrogen peroxide addition, which significantly reduced the heat
generated by the reaction. Additional testing is presently being conducted
to better define the effect of the two-part addition of reagents.

Sodium perborate is not desirable for use because borate is a byproduct,

and the perborate also causes significant soil temperature rise (50 °C), and

is excessively costly. Perborate does have some inherent buffering

capacity, and it maintains the soils treated in a semisolid form. Sodium
percarbonate is acceptable for use based on its oxidation properties, lack -
of toxic byproducts in the treated soil, high inherent buffering capacity,

moderate soil temperature rise (40 °C), and resultant soil consistency; !
however, its cost is high relative to that of hydrogen peroxide. Hydrogen .
peroxide has the lowest cost and generates no toxic byproducts in the -l
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treated soil; however, caustic appears to be needed to maintaina (e
suff1c1ent1y high pH for the reaction to proceed efficiently.

The reaction between hydrogen peroxide and CS3 at concentrations of CSp
greater than about 1,000 ppm generates significant heat (through
oxidation of both sulfur and carbon). Observations made during these
treatability studies indicate that hydrogen peroxide cannot be handled at
greater than a 4:1 molar ratio of oxidant to CS2 without significant heat
generation. At greater dilutions of the peroxide, the soil becomes
excessively fluid. e —

REACTION BYPRODUCTS

Gaseous byproducts arising from the reaction are presently being
determined. Control of reaction temperature is important to limiting
volatilization of constituents from the soils. Significant heat was
generated with all three successful oxidants, at levels estimated at 20 kcal
of excess heat/mole of CS2 oxidized for perborate and percarbonate.

Volatile reaction byproducts in the soils were not observed, based on the
results of one analysis of a sample treated with hydrogen peroxide and
caustic {(Sample H-25). Semivolatile compounds are presently undergoing
analysis to check for byproducts.

* RECOMMENDATIONS FOR FIELD TESTING

o

The purpose of the field-scale testing will be to identify site-related
constraints that could adversely affect successful implementation of in situ -
CS7 treatment and to develop sufficient data to enable more definitive cost

estimation for the selected process.

Based on' the results of the bench-scale studies described herein, the

following recommendations are made for inclusion in the field test design:
*  testing of up to four treatment regimes for the affected soils:

~  one-step addition of caustic dissolved in hydrogen peroxide (up
to two trials),

— sequential addition of caustic and hydrogen peroxide,
' —  addition of percarbonate and buffer solution,
* maintenance of reaction pH at or above 8.5, and

* provision of off-gas containment and controls to prevent potential off-
site or worker impacts from treatment.
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Because the bench-scale testing done to date can only approximate field i
conditions, these recommendations will be expanded upon in the field,
depending on conditions encountered. .

. FULL-SCALE TREATMENT COSTS

Based on an assumed volume of 11,000 cu. yd. of soil requiring
remediation, at an average concentration of 10,000 mg/kg CS2, chemical
costs for sodium percarbonate at the dosages to reach nondetectable levels
would total $2.5 million. Corresponding chemical costs for hydrogen
peroxide would total $800,000. For comparison, perborate costs would
total $3.6 million. These costs will be reevaluated once cleanup targets are
established with EPA. |

Additional remedial costs consist of mobilization of equipment,
implementation of the desired treatment scheme in full scale, controlling
off-gases from the process, demobilization of equipment, and final
grading of the site area affected. These costs will be better defined once
contractors have submitted bids for completion of the full-scale work,
following completion of field treatability studies.
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Figure 1
Small- and Large- Scale
Oxidation Apparatus
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Figure 2
Gas Extraction Experiment Apparatus
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